Group A streptococcus (GAS) is a common pathogen of the throat and skin. It causes infections of varying severity, ranging from uncomplicated superficial infections to severe invasive infections. The past decade has witnessed a worldwide increase in severe invasive GAS infections, including streptococcal toxic shock syndrome and necrotizing fasciitis [1] . These rapidly progressive infections are associated with high mortality rates, despite prompt antimicrobial therapy [1] . This resurgence of highly aggressive infections prompted intense research in the area of GAS pathogenesis. Epidemiologic
studies revealed that most outbreaks, although reported from different countries and on different continents, were caused predominantly by GAS strains of M1 and M3 serotypes [1, 2] . Further characterization of the isolates by molecular techniques generated somewhat conflicting results: some reports suggested that a special clone of GAS was responsible for the more severe cases [3, 4] , whereas other reports demonstrated clonal variation among strains of a given serotype and found no apparent correlation with a given clone and severity of disease [5] [6] [7] [8] [9] [10] [11] [12] [13] . Chatellier et al. [14] recently showed that clonal M1T1 strains could be isolated from patients with severe or nonsevere invasive infections, and the study emphasized the importance of host factors in determining the severity of infections.
GAS produces several exotoxins that exhibit superantigenic activity and can, as such, activate a large proportion of antigenpresenting and T cells, with subsequent high expression of cytokines [15] . To date, there are 11 distinct exotoxins produced by GAS, including the streptococcal pyrogenic exotoxins (Spe) A, B, C, F, G, H, and J; streptococcal mitogenic exotoxin Z (SmeZ), SmeZ-2, and SmeZ-3; and streptococcal superantigen (SSA) [15] [16] [17] . The distribution of these superantigens varies among streptococcal strains because some superantigens, such as SpeB and SpeF, are chromosomally encoded and are found in virtually all strains, whereas others are associated with mobile genetic elements and therefore are found at varying frequencies [15] . By virtue of their potent immunostimulatory capacity, superantigens have been implicated as central mediators of the systemic effects seen in severe invasive GAS infections. In vivo evidence for the involvement of superantigens in these diseases was obtained by analysis of the T cell receptor repertoire in patients with GAS infections, which revealed Vbspecific alterations characteristic of superantigen effects in vivo [18, 19] . Furthermore, Sriskandan et al. [20] could detect circulating superantigen in the plasma of patients with streptococcal toxic shock syndrome. It is well known that cytokines are central mediators of the systemic symptoms seen in sepsis and shock, and numerous studies have demonstrated a correlation between elevated cytokine levels in circulation and more-severe disease manifestations [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, there are limited data on host-pathogen interactions at the local site of infection; we, therefore, undertook this study, in which bacterial load, superantigen expression, and inflammatory responses were studied in vivo and were related to severity of soft tissue infection caused by GAS.
Materials and Methods
Patient material. Five patients with various deep tissue infections, including necrotizing fasciitis and cellulitis, caused by GAS were included in the study. Three of the patients fulfilled the criteria for streptococcal toxic shock syndrome [33] . The patients were identified through active surveillance for all invasive GAS infections in Ontario during 1996-1997. Biopsy samples from the local infection site were collected at surgery, were snap-frozen, and were stored at Ϫ80ЊC. Biopsy samples were obtained at repeated surgical procedures during the acute phase of infection, 1-20 days after onset of infection, including biopsy samples from skin, subcutaneous tissue, and fascia ( Characterization of GAS isolates. Isolates were identified and serotyped at the National Center for Streptococcus Research (Edmonton, Alberta, Canada) by standard methods [34] . Superantigens were genotyped by use of specific primer pairs and polymerase chain reaction amplification, as described elsewhere [14] .
Antibodies used for immunostainings. The following human cytokine-specific monoclonal antibodies (MAbs) were used at con- IgG1; Sandoz), anti-TNF-b (LTX-22, murine IgG1; Bender Medsystem), and anti-IFN-g (cocktail of 1-DIK and 7-B6-1, murine IgG1; MabTech).
The following antibodies specific for human cell markers were used at predetermined optimal dilutions ranging from 1:10 to 1:200: anti-CD68 (EBM11, murine IgG1; Dako), anti-CD3 (murine IgG1; Becton Dickinson), anti-CD4 (murine IgG1; Becton Dickinson), anti-CD8 (murine IgG1; Becton Dickinson), anti-CC chemokine receptor 5 (CCR5; cocktail of K45531.111 and M45549.111, murine IgG2b; R&D Systems), anti-CXC chemokine receptor 4 (CXCR4; 44717, murine IgG2b; R&D Systems), and anti-cutaneous lymphocyte antigen (CLA; HECA-452, rat IgM; Pharmingen). GAS were identified by use of polyclonal rabbit antisera specific for the Lancefield group A carbohydrate (Difco), and the superantigen SpeF, by use of a polyclonal rabbit antisera raised against recombinant SpeF; both sera were used at a dilution of 1:10,000. Irrelevant isotype-specific murine and rat antibodies (Vector Laboratories) and preimmune rabbit serum samples (diluted 1:10,000) were used to control for nonspecific staining reactions.
Secondary biotinylated antibodies, including goat anti-mouse IgG1, IgG2a, and IgG2b (diluted 1:300; Caltag), goat anti-rat IgG (diluted 1:500; Vector Laboratories), or goat anti-rabbit IgG (diluted 1:500; Vector Laboratories) were used.
Immunohistochemical staining of tissue biopsy samples. Biopsy samples were embedded in Tissue-Tek OCT compound (Sakura), were cryostat-sectioned to 8 mm, were mounted to heavy teflon coated glass slides (Novakemi), and were fixed with 2% freshly prepared formaldehyde in PBS. Intracellular cytokines, cell markers or receptors, GAS, or streptococcal superantigen were stained by permeabilization of the cell membranes with 0.1% saponin (Sigma) followed by immunohistochemical staining with antigenspecific antibodies, essentially as detailed elsewhere [35] . The method was modified to include an initial blocking step with 20% fetal calf serum in Hanks' balanced salt solution-saponin for 30 min at room temperature. The antigen-specific antibodies and the secondary biotinylated antibodies were used at optimized concentrations. Avidin-peroxidase solution was added (Vectastain-Elite; Vector Laboratories), and the color reaction was developed by the addition of 3,3-diaminobenzidine (Vector Laboratories), followed by counterstaining of the sections with hematoxylin. The immunostainings were evaluated in a microscope (model RXM; Leica) equipped with a 3 charge couple device color camera (DXC-750 p; Sony) and were analyzed by acquired computerized image analysis (ACIA) with a Quantimet 550 IW image analyzer (Leica). Despite the size of the biopsy samples, which varied significantly, the whole section was analyzed, yielding an analyzed cell area (defined by the blue hematoxylin counterstaining) ranging from to mm
2
. The results are presented as ACIA value: 5 7 1 ϫ 10 2 ϫ 10 percentage of positively stained intensity of positive area ϫ mean staining. Most negative controls, that is, biopsy samples stained with isotypic control antibodies, were completely negative; however, in case of any background staining, the sections were subjected to ACIA analyses, and the value was subtracted from the sample value.
Double stainings of CD4 ϩ T cells. The tissue sections were stained for CD4 expression, exactly as described above, by use of the avidin-peroxidase complex and 3,3-diaminobenzidine substrate. Then the sections were blocked with biotin-avidin blocking kit (Vector Laboratories) and were stained for CD3 expression with the avidin-alkaline phosphatase complex (ABC-AP kit; Vector Laboratories) and the alkaline phosphatase substrate kit 1 (Vector Laboratories).
Statistical evaluation. Data were entered into Statistica (version 5.1; Statsoft). Comparisons between groups were made with Mann-Whitney U rank sum test. Significant correlation between different parameters was determined with Spearman's correlation test. Association between low or high bacterial load in tissue and clinical grade of biopsy samples was determined with Yates's-corrected x 2 test. was considered to be significant. P ! .05
Results
The characteristics of the patients and their isolates are presented in tables 1 and 2. Relationship of in vivo expression of superantigen to bacterial load at the site of infection. Staining of the biopsy samples for GAS revealed that all biopsy samples contained GAS in varying amounts (figure 1). Image analysis showed that the bacterial load could be divided into high and low by use of a cutoff value of 5 (figure 1). Seventy-eight percent of the biopsy samples of clinical grades 2a-2c showed high bacterial load, whereas only 28% of the clinical grade 1 biopsy samples had high amounts of GAS ( ; figure 1B) . Thus, bacterial load P ! .05 was found to be significantly associated with severity of soft tissue inflammation.
In vivo expression of GAS superantigens at the site of infection was investigated. We chose to stain for the superantigen SpeF because this superantigen is chromosomally encoded and, therefore, is present in all GAS strains. As shown in figure 1A , SpeF was readily detectable in the tissue at varying levels. In situ imaging assessment revealed that the level of SpeF expression correlated with amount of GAS ( , Spearman's P ! .02 correlation test). However, although there was a trend to higher SpeF expression in biopsy samples of higher clinical grade, the difference did not reach significance (data not shown).
Accumulation of lymphomononuclear cell infiltrates at the site of infection. The biopsy samples revealed large infiltrates of lymphomononuclear cells in the tissue, and characterization of these by immunostaining for various cell markers revealed high levels of CD68 ϩ , CD4 ϩ , and CD3 ϩ cells ( figure 2A, 2B , and 2D). Macrophages and monocytes, that is, CD68 ϩ cells, were found consistently at higher frequencies than were T cells in all biopsy samples analyzed (figure 2; data not shown). Double staining of CD3 and CD4 revealed that most CD3 ϩ cells were CD4 T cells. CD8 ϩ cells could also be detected but at much lower frequencies than CD4 ϩ cells ( figure 2B, 2C, pression of CD4 in biopsy samples of higher clinical grade, whereas no difference was noted in CD8 expression ( figure 2G) .
Relationship of proinflammatory and Th1-type cytokine responses to severity of tissue inflammation. Expression of several different cytokines, including IL-1a, IL-1b, IL-1ra, IL-2, IL-4, IL-8, IL-12, TNF-a, TNF-b, and IFN-g, could be detected at varying levels in the biopsy samples, and they all, except the IL-1 family, demonstrated the typical intracellular staining pattern with a localized golgi staining, as described elsewhere in detail [36] . As expected, the IL-1 family showed a cytoplasmic staining pattern, because they lack the signal peptide directing secretion of the cytokines through the golgi organelle [36] .
IL-1a, IL-1b, and IL-1ra were generally found at high levels, as reflected by the ACIA values, and image analysis indicated increased levels of these cytokines in biopsy samples of higher grade, compared with levels in samples of lower clinical grade ( figure 3 ). An even more pronounced difference in expression of cytokines between different biopsy samples was seen for the Th1 cytokines. A significantly higher expression of TNF-b and IFN-g ( and , respectively) was found in bi-P p .03 P p .002 opsy samples of clinical grades 2a-2c than in samples of clinical grade 1 ( figure 4A ). Furthermore, a strong correlation was noted between increased expression of TNF-b and IFN-g and higher clinical grade of biopsy samples when 10 biopsy samples of varying clinical grade obtained from the same patient were compared ( and , respectively; figure 4B and P p .01 P p .003 4C). Although IL-2, IL-4, IL-8, IL-12, and TNF-a were detected at varying levels in different biopsy samples, there was no correlation between expression level and clinical grade of the biopsy samples (data not shown).
Relationship of homing receptor expression at the local site to severity of tissue inflammation. Expression of the homing receptors CXCR4, CCR5, CD44, and CLA was determined in biopsy samples of clinical grade 1 ( ) or 2a-2b ( ). n p 5 n p 5 The analyses revealed a significantly higher expression of CCR5, CD44, and CLA ( , , and , re-P p .05 P p .02 P p .009 spectively) in biopsy samples of clinical grades 2a-2b than in samples of clinical grade 1, whereas CXCR4 expression was equally low in all 10 biopsy samples (figure 5). Interestingly, there was a significant correlation between the expression level of CCR5 (Spearman's ; ), CD44 (Spearman's R p .68 P p .03 ; ), and CLA (Spearman's ; R p .86 P p .001 R p .89 P p ) and the levels of Th1 cytokines (TNF-b plus IFN-g) in .006 
Discussion
In this study, we demonstrate that the bacterial load and the magnitude and type of cytokine expression correlate with severity of GAS tissue infection. Furthermore, we show that there is high in vivo production of the GAS superantigen SpeF at the site of infection. Superantigens have previously been identified in the circulation of patients with invasive GAS infection [20] , but, to our knowledge, this is the first time superantigens have been demonstrated at the local site of infection in patients' tissue. It seems reasonable that several different GAS superantigens are involved in the pathogenesis of invasive GAS diseases and, most likely, that the bacteria during the infection produce 11 superantigen [37] . The expression of SpeF in tissue is particularly interesting because, aside from being a superantigen, SpeF also exhibits heat-resistant nuclease activity [38] and is immunologically and genetically identical to streptococcal DNase B [39, 40] . DNase B has often been suggested to be important for virulence, presumably aiding bacterial dissemination, although direct evidence for this effect is lacking. However, we cannot exclude that this additional DNase activity might be an important virulence trait in the tissue milieu. It will be of interest to analyze in vivo production of additional superantigens to elucidate their role in pathogenesis.
The tissue biopsies revealed massive mononuclear cell infiltrates that consisted predominantly of macrophages/monocytes and T cells, whereas no pronounced polymorphonuclear cell infiltration could be seen. A previous study by Cockerill et al. [41] demonstrated few or no inflammatory cells in superficial subcutaneous tissue from 4 patients with necrotizing fasciitis, but, in agreement with our study, high frequencies of inflammatory cells could be found in deeper subcutaneous tissue.
We recently demonstrated that patients with severe invasive GAS infections had significantly higher frequencies of proinflammatory cytokine-producing cells in their peripheral blood than did patients with nonsevere invasive infections [28] . A similar correlation between the severity of infection and the magnitude of cytokine response was noted in the current study, with increasing levels of IL-1 cytokines and significantly higher Th1 cytokines in more severely affected tissue. Several in vitro studies have reported that superantigens induce a cytokine response that is characterized by proinflammatory cytokines, most importantly by very high levels of Th1-type cytokines, in particular TNF-b and IFN-g [36, [42] [43] [44] [45] . Thus, our data on the cytokine profile at the local site of infection mimic that of a typical superantigen cytokine response and provide evidence for the direct actions of superantigens in GAS tissue infections.
Previous studies have failed to detect TNF-b and IFN-g, measured by ELISA of plasma or intracellular immunostaining of peripheral blood mononuclear cells in circulation of patients with fulminant GAS diseases [27, 28, 46] . However, on the basis of other studies of cytokine responses at the local site of inflammation [35] , we hypothesized that the Th1 cytokineproducing cells could not be found in the circulation because they had migrated to the site of inflammation. This study provides evidence supporting this hypothesis, because TNF-b-and IFN-g-producing cells were readily detectable in tissue biopsy samples. Furthermore, the significant correlation between levels of Th1-type cytokines and severity of tissue infection provided strong support for a critical role of these cytokines in the pathogenesis of invasive GAS diseases.
To elucidate the mechanism responsible for this migration of cells, we examined the expression of homing receptors. Chemokines are of major importance for leukocyte traffic and homing, as well as their maturation [47] . The chemokine receptors CXCR4 and CCR5 were analyzed because of their differential expression on Th1 and Th2 cells [48] . In agreement with the cytokine analysis showing a predominant Th1 cytokine response in the more-severe tissue infections, analysis of chemokine receptors showed an up-regulation of CCR5 in the more severe tissue biopsy samples that correlated with the level of Th1 expression, whereas CXCR4 was equally low in all analyzed biopsy samples. Thus, chemokine receptor expression reflects the type of cytokine response seen at the local site of infection.
The finding of a significant up-regulation of CD44 in the more severe tissue biopsy samples, which correlated with the magnitude of Th1 cytokines, provided further support for the action of superantigens. CD44 is a receptor that mediates extravasation of activated T cells into inflammatory sites by bindDownloaded from https://academic.oup.com/jid/article-abstract/184/7/853/858633 by guest on 02 March 2019 ing to its ligand, hyaluronic acid [49, 50] . However, binding to hyaluronic acid requires activation of CD44, which may be achieved via T cell receptor stimulation by superantigens [49] . Binding of CD44 to hyaluronic acid makes this receptor especially interesting, because GAS express a capsule consisting of hyaluronic acid, and it was shown recently that CD44 acts as a receptor for GAS, thereby increasing bacterial adherence and colonization [51, 52] . Thus, one can speculate that the very high expression of CD44 demonstrated at the local site of infection may benefit GAS adherence and further exacerbate disease progression.
Another interesting homing receptor is CLA, which is a tissue-specific homing receptor involved in directing effector and memory T cells to the skin [53] . In vitro studies have shown that bacterial superantigens can induce a marked up-regulation of CLA on human peripheral blood mononuclear cells [54] . Furthermore, it was demonstrated that superantigens were involved in skin homing of CLA-positive T cells in atopic dermatitis [55] . Thus, superantigen activation of circulating T cells may induce up-regulation of CLA and thereby promote migration of these activated T cells to the skin and subsequent increased pathologic inflammatory response at the site of infection. Our findings verify this theory, because we found a pronounced expression of CLA in the tissue and a highly significant correlation between CLA expression and Th1 cytokine expression as well as severity of tissue infection.
Together these findings have led us to propose a multifaceted role of superantigens in the pathogenesis of GAS tissue infections. We believe that GAS superantigens trigger a pathologic proinflammatory cytokine response not only by their direct actions at the site of infection but also by their induction of certain homing receptors that promote migration of T cells and antigen-presenting cells to the site of infection as well as improved adherence of bacteria to host cells. The study also provides support for a critical role of Th1 cytokines in the pathogenesis of severe invasive GAS disease. Our findings suggest that superantigens are pivotal players in the destructive tissue infections caused by GAS, and therapy directed towards superantigens may be an efficient therapeutic strategy in these diseases.
